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The role of radial glial cells as guides for migrating neurons is well established, whereas their role as precursor cells is less
understood. Here we examined the composition of radial glial cells and their proliferation in the mouse telencephalon
during development. We found that almost all radial glial cells proliferate throughout neurogenesis. They consist of three
distinct subsets identified by immunostaining for the antigens RC2, the astrocyte-specific glutamate transporter (GLAST),
and the brain-lipid-binding protein (BLBP). In addition, RC2, GLAST, and BLBP antisera label precursor cells with different
morphologies and thereby cover almost the entire progenitor pool in the developing cerebral cortex. The subsets identified
by differential expression of these antigens differ also in their transcription factor expression and cell cycle characteristics.
Moreover, the content of BLBP seems correlated to the fate of the progeny. BLBP-negative precursors are detected only
during neurogenesis and persist into postnatal stages solely in the rostral migratory stream, a region of ongoing
neurogenesis. In contrast, an enriched population of multipotential cells, neurosphere cultures derived from the adult or
embryonic telencephalon, is immunoreactive for RC2, GLAST, and BLBP. Taken together, we have identified novel,
functionally distinct subsets of CNS precursor cells. © 2001 Academic Press
Key Words: cerebral cortex; ganglionic eminence; neurogenesis; gliogenesis; stem cells; brain-lipid-binding protein
BLBP); astrocyte-specific glutamate transporter (GLAST); RC2; Mash1; cell cycle.INTRODUCTION
Radial glial cells are a widespread cell type throughout
the developing CNS of vertebrates. They are best known for
their role in guiding migrating neurons (Rakic, 1972; Hat-
ten, 1999). In contrast, their role as precursor cells is less
clear. There is good evidence that radial glial cells divide
during neuro- and gliogenesis, since they incorporate
S-phase markers, such as [3H]Thymidine (Levitt et al., 1981;
Misson et al., 1988a). Moreover, radial glial cells have been
labeled by retroviral vectors that require breakdown of the
nuclear membrane in the G2/M phase of the cell cycle
(Gray and Sanes, 1992; Halliday and Cepko, 1992; Gaiano et
al., 2000). However, surprisingly few radial glial cells have
been observed in retroviral lineage analysis and radial glial
cells in primate cortex have been shown to arrest their
1 To whom correspondence should be addressed at Max-Planck-
Institute of Neurobiology, Am Klopferspitz 18A, D-82152 Martins-
ried, Germany. Fax: 149 89 856 1121. E-mail: mgoetz@
neuro.mpg.de.
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All rights of reproduction in any form reserved.proliferation during midneurogenesis (Schmechel and Ra-
kic, 1979). It is thus not clear to which extent radial glial
cells divide in the developing rodent telencephalon.
Radial glial cells are characterized by their morphology
with a characteristic long radial process reaching the basal
surface of the brain (Fig. 1) as well as by their astroglial
characteristics. For example, radial glia of the developing
primate cortex contain the glial-fibrillary acidic protein
(GFAP; Levitt and Rakic, 1980; Choi, 1981). In the devel-
oping CNS of rodents, hardly any, if at all, GFAP can be
detected (Sancho-Tello et al., 1995), but radial glial cells
express the astrocyte-specific glutamate transporter
(GLAST; Shibata et al., 1997), another molecule specific for
astrocytes at later stages (Chaudhry et al., 1995; Ullensvang
et al., 1997). Moreover, it was shown that radial glial cells
transform into astrocytes at later stages after neurogenesis
and neuronal migration is completed (Edwards et al., 1990;
Culican et al., 1990; Voigt, 1989). These data suggest a close
link between radial glial cells and astrocytes (see, e.g.,
Barres, 1999), which is particularly exciting in light of
recent data implicating astrocytes as stem cells in the adult
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16 Hartfuss et al.telencephalon (Doetsch et al., 1999). It is not known,
owever, whether all radial glial cells express glial antigens
r whether subsets of radial glial cells exist.
Several antibodies stain radial glial cells. The monoclonal
ntisera RC1/2 (Radial Cell 1/2; Misson et al., 1988a,b;
dwards et al., 1990) are most frequently used for radial
lial stainings. However, also the antisera against the brain-
ipid-binding protein (BLBP; Feng et al., 1994; Kurtz et al.,
994) and against GLAST (Shibata et al., 1997) stain radial
lial processes and colocalize with the RC2 antigen and
estin, an intermediate filament present in CNS precursor
ells (Frederiksen and McKay, 1988; Feng et al., 1994; Kurtz
t al., 1994). These reports, however, did not clarify
hether the described antisera label the same radial glial
ells or whether different subtypes exist. We therefore
ddressed the colocalization of these radial glial markers at
cellular level during neuro- and gliogenesis in the mouse
elencephalon.
MATERIALS AND METHODS
Animals
For most experiments we used the inbred mouse strain C57BL/6J
(Charles River Laboratories) and occasionally CD-1 albino mice
were also used. The day of vaginal plug was considered as Embry-
FIG. 1. Schematic representation of the developing cerebral cor-
ex. Precursor cells are drawn in red, postmitotic neurons in blue,
nd differentiating astrocytes in green. Prior to neurogenesis, all
ells are proliferating and extend their processes from the ventricle
o the pia (left panel). During early neurogenesis, neurons of the
replate are generated and settle underneath the pial surface. Radial
lial cells maintain their radial processes whereas other precursor
ells are thought to loose their contact to the pial surface (middle
anel). During later stages of neurogenesis, neurons of the cortical
late (prospective layers 2–6) are generated and settle in the middle
f the preplate. These neurons migrate along radial glial cells. A
econd proliferative layer is formed, the subventricular zone (right
anel).onic Day 0 (E0), the day of birth as Postnatal Day 0 (P0). c
Copyright © 2001 by Academic Press. All rightImmunohistochemistry
Pregnant animals were euthanized at increasing CO2 concentra-
tions and by cervical dislocation. Embryos were removed by
hysterectomy and transferred to Hanks’ buffered salt solution
(HBSS) (GIBCO) with 10 mM Hepes (GIBCO). Embryonic brains
were removed and fixed for 6 h in 2% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) at 4°C, washed in PBS, and embed-
ded in 3% agarose in PBS. Animals from postnatal stages P0 to P6
were anesthetized with ether on ice and then transcardially per-
fused with isotonic NaCl, followed by 2% PFA in PBS for fixation.
The brains were then removed and postfixed with 2% PFA in PBS
at 4°C for a further 2–4 h. Vibratome sections were cut frontally,
sagittally, or horizontally at 100 mm thickness and processed for
mmunohistochemistry. As primary antibodies (see as well Table
), we used the monoclonal mouse antibody (mAb) RC2 (IgM;
:500–50; kindly provided by P. Leprince, University of Lie`ge,
elgium), the polyclonal antibody (pAb) directed against GLAST
rabbit 1:300; guinea pig 1:200–100; kindly provided by M. Wa-
anabe; Hokkaido University School of Medicine, Sapporo, Japan),
nd the pAb against BLBP (1:2000–1500; kindly provided by N.
eintz, Rockefeller University, New York, NY). For the analysis of
ranscription factors we used the monoclonal mouse antibody
gainst Mash1 (IgG1; 1:2; kindly provided by D. Anderson, Califor-
ia Institute of Technology, Pasadena, CA) and the pAb (rabbit)
gainst Prox1 (1:4000; kindly provided by M. Nakafuku, Graduate
chool of Medicine, The University of Tokyo, Tokyo, Japan). In
rder to stain proliferating cells, we used the pAb (rabbit) Anti-Ki67
1:10; Dianova Immundiagnostics), the rat mAB TEC-3 (IgG; 1:25;
ianova Immundiagnostics), the mAb anti-nestin (IgG1; 1:3; De-
elopmental Studies Hybridoma Bank), and the pAB anti-nestin
1:1000; kindly provided by M. Nakafuku, Graduate School of
edicine, The University of Tokyo, Tokyo, Japan). As a marker for
ostmitotic neurons, we used the mAb against b-tubulin III (IgG2b;
1:50; Sigma), for astrocytes the mAb directed against GFAP (IgG1,
1:200; Sigma), and for oligodendrocyte precursors the mAB AN2
(rat IgG1, 1:50; kindly provided by J. Trotter, University of Heidel-
berg, Germany). The sections were incubated freefloating in pri-
mary antibody containing 0.5% Triton X-100 and 10% normal goat
serum (NGS; Boehringer Ingelheim Vector Laboratories) overnight
at 4°C. After several washes in PBS the sections were incubated in
the secondary antibody for 45 min at room temperature (RT).
Secondary subclass-specific FITC- or TRIC-coupled antisera were
used at a dilution of 1:50 (EuroPath Ltd. and Boehringer Ingelheim
Vector Laboratories), and Cy2- or Cy3-coupled antisera at 1:100
(Dianova Immundiagnostics). After three further washes, the sec-
tions were mounted in Aqua Poly/Mount (Polysciences), a glycerol-
based mounting medium. To rule out any unspecific binding of the
secondary antisera, control experiments were performed either by
leaving out the primary antibody or by using a primary antibody
against a nonexpressed antigen.
Acutely Dissociated Cells
Embryonic brains (E12–E18) were isolated as described above.
The meninges were removed, the telencephalic hemispheres sepa-
rated, and the hippocampus and the olfactory bulbs removed. The
cerebral cortex and the ganglionic eminence (GE) were dissected
and collected in separate vials in HBSS with 10 mM Hepes on ice.
Cells were digested for 15 min in trypsin-EDTA (0.05% [w/v] in
HBSS (without Ca21, Mg21 with 0.02% [w/v] EDTA [GIBCO]) at
7°C. The enzyme activity was stopped by the addition of Dulbec-
o’s modified eagle medium (DMEM; GIBCO) supplemented with
s of reproduction in any form reserved.
FIG. 2. Staining of cortex sections with radial glial markers. Fluorescent micrographs of frontal (A, B, D, E, F) and horizontal sections (C)
of Embryonic Day (E) 16 (A, B, D), E15 (C), E14 (E) and Postnatal Day (P) 2 (F). Sections were stained with the antibodies indicated in the
figure. Note that all three antigens label radial glial cells (arrow in D), but also other, morphologically distinct cell types (arrowhead in D,
arrows in E, F). Note the increase in the non-radial GLAST/BLBP1 cells during development in the cortex (F). RC2 gives a filament-like
staining (A, D), GLAST is localized in the cell membranes and BLBP is contained in the cytoplasm and hence best shows cell somata in the
ventricular zone (arrows in B). D depicts an example of RC2 and BLBP colocalization in radial processes. Processes double-labeled with RC2
and BLBP appear yellow in D; processes labeled only by RC2 antiserum are red (arrow). Note that RC2, anti-GLAST, and anti-BLBP label
radial glial cells and most, but not all, processes appear double-labeled. All panels are confocal pictures, A–C and E–F are maximum
intensity images (superimposition of 10–15 optical sections), whereas D is a superimpositions of 2–3 single optical sections. VZ, ventricular
zone; IZ, intermediate zone; CP, cortical plate; LGE, lateral ganglionic eminence; P, pial surface; B, boundary. Scale bar: 50 mm.
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18 Hartfuss et al.10% fetal calf serum (FCS; Sigma) and penicillin/streptomycin (100
units/ml penicillin, 100 mg/ml streptomycin [GIBCO]). The tissue
was then dissociated mechanically with a fire-polished and FCS-
coated Pasteur pipette. After centrifugation for 5 min at 172g the
pellet was resuspended in 10% FCS-DMEM. These washes were
repeated twice. Cells were then plated at a density of 1 3 106
cells/ml onto poly-D-lysine-coated (PDL) glass coverslips, incu-
bated at 37°C and 5% CO2 for 2 h. Control experiments where the
cells had been allowed to adhere for up to 8 h showed no obvious
differences in the cell type composition except a tendency toward
an increased number of neurons after longer plating times. All
experiments presented here were therefore fixed after 2 h with 4%
PFA in PBS for 15 min to avoid any influence of in vitro differen-
tiation. After three washes with PBS at room temperature, cells
were stained with the primary and secondary antibodies as de-
scribed above. For triple stainings, we used biotinylated secondary
antibodies (dilution 1:50) followed by incubation in streptavidin-
AMCA at a 1:100–50 dilution. After further washes the glass
coverslips were mounted in Aqua Poly/Mount.
Adult and Embryonic Neurosphere Cultures
Adult neurosphere cultures were obtained following the proce-
dure described in Gritti et al. (1996). Briefly, subependyma were
isolated from the telencephalic periventricular region of adult mice
following coronal sectioning and cutting into 1 mm3 pieces. Pieces
were transferred into ACSF containing 1.3 mg/ml trypsin (Type XII,
9000 BASF units/mg; Sigma), 0.67 mg/ml hyaluronidase (2000
unit/mg; Sigma), and 0.2 mg/ml kynurenic acid (Sigma) and incu-
bated under continuous oxygenation and stirring for 90 min at
32–34°C. Tissue sections were then transferred to DMEM/
Nut.Mix.F-12-medium (1:1, v/v; GIBCO) containing 0.7 mg/ml
ovomucoid (Sigma) and were carefully triturated with a fire-
polished Pasteur pipette. Cells were collected by centrifugation and
were resuspended in DMEM/Nut.Mix.F-12 medium containing 2
mM L-glutamine, 0.6% glucose, 9.6 g/ml putrescine, 6.3 ng/ml
rogesterone, 5.2 ng/ml sodium selenite, 0.025 mg/ml insulin, 0.1
g/ml transferrin, and 2 mg/ml heparin (sodium salt, grade II;
Sigma; control medium). Cells were then plated in serum-free
medium containing both FGF2 (human recombinant, 20 ng/ml;
Peprotech) or EGF (human recombinant, 20 ng/ml; PeproTech)
onto tissue culture petri dishes. For serial propagation, cells were
plated at 8 3 103 cells/cm2. Spheres, formed after 8–10 days in vitro
div), were harvested, collected by centrifugation (10 min at 150g),
echanically dissociated to a single cell suspension, and replated
t 8 3 103 cells/cm2 in complete medium. This procedure was
repeated every 8–10 div. For immunocytochemistry embryonic or
adult neurospheres were dissociated and plated at a density of 1 3
106 cells/ml onto PDL-coated glass coverslips and fixed after 2–6 h
as described above.
Embryonic neurosphere cultures were prepared from E14 telen-
cephalon as described for the acutely dissociated cell preparation
with the exception that these cells were dissociated mechanically
without enzymatic digestion. Dissociated cells were then cultured
as described above or in DMEM/Nut.Mix.F-12 medium (GIBCO)
containing 10% FCS, 5% horse serum (HS, Sigma), penicillin/
streptomycin (100 units/ml penicillin, 100 mg/ml streptomycin),
B-27 supplement (concentration 1:50 in F-12 medium; GIBCO),
additional 3.5 mM glucose, 20 ng/ml bFGF (Sigma) and 5 ng/ml
EGF (Sigma). Cells were cultured at a density of 1 3 105 cells/ml in
5 or 75 cm2 tissue culture flasks (Falcon) at 37°C for 5 to 6 days.Neurospheres were passaged up to 5 times by centrifugation at
Copyright © 2001 by Academic Press. All right172g for 10 min, chopping with a tissue chopper followed by
redissociation and replating as described above.
Astrocyte Preparation
Brains were isolated from P3-10 mice and the cortex was
dissected as described for the acutely dissociated cell preparation.
The cortices of 3–5 animals were collected in HBSS with 10 mM
Hepes on ice and cut up into small pieces. The tissue was then
dissociated mechanically into single cells with a plastic pipette.
After centrifugation for 5 min at 172g the pellet was resuspended in
10% FCS-DMEM (1 ml medium per brain). Cells were then
cultured in 75 cm2 tissue culture flasks at 37°C and 5% CO2. After
div half of the medium was replaced by fresh 10% FCS-DMEM.
very 7 div cells were passaged and after three passages hardly any
ligodendrocytes were present. Cells were then plated at a density
f 1.7 3 105 cells/ml onto tissue culture petri dishes and fixed after
further 3–5 div with 4% PFA in PBS for 15 min. After three washes
with PBS at RT, cells were processed for immunocytochemistry as
described above.
Tracing Experiments
To selectively label cells from the pial surface either the li-
pophilic dye Dil (1,19-didodecyl-3,3,39,39-tetramethylindocarbo-
cyanine perchlorate; Molecular Probes) or red fluorescent latex
microsphere beads (Lumafluor) were used (see Katz et al., 1984;
Voigt, 1989; Go¨tz et al., 1998). After dissection of the brain and
removal of the meninges, 10–20 ml of Dil (5 mg/ml in ethanol p.a.,
iluted 1:10 in 300 mM sucrose) or 5 ml of fluorescently labeled
beads (50 nm; diluted 1:1 in HBSS with 10 mM Hepes) was applied
on the cortical surface. The brains were transferred in HBSS with
10 mM Hepes and incubated at RT for 10 min. The hemispheres
were carefully inspected for contamination with fluorescent tracer
at the ventricular surface at both the dissection and the fluores-
cence microscope. Hemispheres where any dye had entered the
ventricle were discarded. Acutely dissociated cells were prepared as
described above. For double and triple immunocytochemistry of
Dil-labeled acutely dissociated cells, we used polyoxyethylenesor-
bitanmonolaurate (Tween; Sigma) for permeabilization, since Tri-
ton X-100 leads to a spread of Dil from the labeled cells to most
cells on the coverslip.
BrdU Pulse Labeling
For cell cycle analysis, we labeled cells during DNA synthesis
with 5-bromo-2-deoxyuridin (BrdU; Sigma). Mice were injected
intraperitoneally 1 h prior to hysterectomy with 5–14 mg BrdU in
PBS per 100 g body weight. Vibratome sections and dissociated
cells were then prepared as described above. For the immunodetec-
tion of BrdU, pretreatment with 2 N HCl for 30 min was required
to denature double-stranded DNA. This was followed by two
washes with 0.1 M sodium-tetraborate-buffer (pH 8.5) for 15 min.
After three further washes in PBS, the staining with the mAB
anti-BrdU (IgG1; 1:10; BioScience Products, Switzerland) was per-
formed as described above.
The proportion of cells that have incorporated BrdU (after a
single injection) among all proliferating cells is the labeling index
(LI):
BrdU 2 positive proliferating cells [%]
LI 5
proliferating cells [%]
.
s of reproduction in any form reserved.
oS
c
c
R
t
B
A
e
G
r
o
n
z
R
B
c
G
R
B
f
t
R
l
p
a
i
(
t
19Heterogeneity of Telencephalic Precursor CellsCumulative BrdU Labeling
To determine the number of dividing cells we used the cumula-
tive BrdU-labeling method described by Nowakowski et al. (1989).
Mice were injected with 5 mg BrdU in PBS per 100 g body weight
over a total period of 12 h. The first injection was done at 7 AM
followed by 6 injections at each 2-h interval (see schematic drawing
below). One hour after the last injection the mouse was sacrificed
and acutely dissociated cells were prepared from the cortex and GE
of the embryos. BrdU immunostaining was performed as described
above.
Data Analysis
Vibratome sections were analyzed at a two-channel confocal
fluorescence laser microscope (TCS 4D Leica) using a 103 to 403
bjective. Single optical section images (thickness 0.5–10 mm) and
maximum intensity images (thickness 10–100 mm) were derived.
Acutely dissociated cells were analyzed using a fluorescence mi-
croscope (Zeiss Axiophot) with 633 objective. Quantitative analy-
sis was performed by counting 50 cells of 10 to 15 different optical
fields per coverslip that were chosen stochastically throughout the
entire surface of the coverslip. In each field, the proportion of
single-, double-, and triple-labeled cells was determined. To evalu-
ate the proportion of immunoreactive cells at a given stage, 100
phase bright cells of about 10 different optical fields per coverslip
were analyzed for their immunoreactivity. For each cell type and
developmental stage, an average of about 20 coverslips (see also
Table 2) was examined. The antibodies were combined in different
triple stainings and a total of 26 different experimental batches was
analyzed (E12, n 5 4; E14, n 5 12; E16, n 5 7; E18, n 5 3).
A total of 20 different combinations of triple stainings was used
to examine and quantify the cell types detected by RC2, GLAST,
and BLBP immunoreactivity. First we combined the RC2, GLAST,
or BLBP antisera each in combination with cell type markers such
as b-tubulin III and/or Ki67 and/or nestin and/or BrdU staining. For
example, the most frequently used combinations were RC2/b-tub/
Ki67; RC2/nestin/Ki67; RC2/b-tub/nestin; GLAST/b-tub/Ki67;
GLAST/nestin/Ki67; GLAST/b-tub/nestin; BLBP/b-tub/nestin;
BLBP/b-tub/BrdU; BLBP/nestin/TEC-3. These stainings revealed
that almost all RC2-, GLAST-, or BLBP-immunoreactive cells are
precursor cells (see Results). Combinations of two marker antigens
(RC2/GLAST; RC2/BLBP; GLAST/BLBP) with Ki67 or nestin or
BrdU staining further confirmed this. Since almost all RC2-,
GLAST-, and BLBP-immunoreactive cells were precursors we could
then use RC2/GLAST/BLBP triple labeling to quantify the contri-
bution of the subtypes characterized by their antigenic profile to
the progenitor pool (Fig. 4). Since our data have a standard error of
the mean around 4 (Table 2), we disregarded populations smaller
than 5% for Fig. 4.
Since these triple stainings revealed which marker populations
coexist at a given time, we could use the stainings with two (
Copyright © 2001 by Academic Press. All rightmarkers and Ki67 or nestin described above to evaluate the
proportion of precursors immunonegative for all three marker
antigens, the size of the Ki67-only population in Fig. 4. For
example, at E14 GLAST and BLBP were subpopulations of the
RC2-immunoreactive precursors and therefore the proportion of
RC2-negative, Ki67-positive cells was a direct measure of the
Ki67-only population at this stage. In E16–18 cortex and E18 GE
GLAST was contained in the largest population of precursors,
composing the RC2- and/or BLBP-positive cells. The Ki67-only
fraction could therefore be evaluated as the Ki67-positive cells that
are GLAST negative. For the E16 GE, we used the triple staining of
RC2/GLAST/Ki67 to detect the fraction of Ki67-positive cells that
were neither GLAST nor RC2 immunoreactive.
RESULTS
Immunohistochemical Analysis in Sections of the
Telencephalon
The development of the RC2 antigen, GLAST, and BLBP
was analyzed in sections of the telencephalon from Embry-
onic Day 12 to Postnatal Day (P) 6 mice. The antibodies
RC2 (mouse monoclonal), anti-BLBP (rabbit polyclonal),
and anti-GLAST (guinea pig polyclonal) were combined in
double stainings for two-channel confocal analysis (see
Materials and Methods, Table 1). As described previously
(Misson et al., 1988b; Kurtz et al., 1994; Feng et al., 1994;
hibata et al., 1997), all three antibodies labeled radial glial
ells with somata in the ventricular zone and radial pro-
esses reaching the pial surface (Figs. 2A–C). Strongly
C2-immunoreactive radial glial cells were observed from
he earliest stages analyzed (E12), whereas GLAST and
LBP appeared at this time in a ventral to dorsal sequence.
t E12, for example, radial glial cells in the ganglionic
minence were stronger immunoreactive for BLBP and
LAST than their counterparts in the cortex.
The colocalization analysis of RC2, GLAST, and BLBP
evealed that most cells contained all three antigens and
nly some radial glial cells lacked BLBP or GLAST immu-
oreactivity. BLBP-positive cell somata in the ventricular
one (VZ) were also RC2 and GLAST immunoreactive, but
C2- or GLAST-positive somata contained only sometimes
LBP (data not shown). Likewise, BLBP-positive radial pro-
esses in the cortical plate were double-labeled with RC2 or
LAST antiserum in all cases analyzed (Fig. 2D), but some
C2- or GLAST-immunoreactive radial processes were
LBP negative (Fig. 2D). This colocalization analysis there-
ore suggests heterogeneity among radial glial cells such
hat GLAST and BLBP are contained in subpopulations of
C2-positive radial glial cells.
It is important to note that all three antibodies also
abeled tangentially oriented cells with a nonradial mor-
hology (Fig. 2D, arrowheads). These cells were detected
lready at E14 with a ventral to dorsal gradient (Fig. 2E), and
ncreased strongly in number during further development
Fig. 2F). Double labeling with AN2 antiserum indicated
hat these cells might include oligodendrocyte precursors
data not shown; Niehaus et al., 1999).
s of reproduction in any form reserved.
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Dissociated Cells
In order to quantify the precursor heterogeneity observed
in the sections, we used acutely dissociated cell prepara-
tions (Luskin et al., 1997; Go¨tz et al., 1998) as illustrated in
Fig. 3 and described under Materials and Methods.
Characterization of acutely dissociated cells. To assess
the validity of this preparation we examined the develop-
mental profile of precursor cells and postmitotic neurons
(Table 2). The proportion of neurons (immunoreactive for
b-tubulin III, Table 1) increased while the proportion of
FIG. 3. Colocalization of RC2, GLAST, and BLBP in acutely disso
Day (E) 14 and 16 cortex (as indicated) were triple-stained with diffe
cells after cumulative BrdU labeling (see Materials and Methods
(arrowheads), indicating that Ki67 is a high fidelity marker of active
double-, and empty arrowheads single-labeled cells, respectively. Pa
(empty arrowhead), RC2/GLAST1 (arrows), and RC2/GLAST/B
evelopment when more cells are triple-labeled (E16) and GLAST/
able 2. Panel C depicts cortical cells labeled by Dil from the pial
RC2 positive (arrow and arrowhead), but only some are also BLBP i
in their BLBP content, as also detected in sections (Fig. 2). Scale bKi67- or nestin-immunoreactive cells decreased during de-
Copyright © 2001 by Academic Press. All rightelopment as expected (Tables 1 and 2). Neither nestin nor
i67 staining was detected in b-tubulin III-positive cells,
indicating that these antisera specifically label nonoverlap-
ping populations that would be expected to be postmitotic
neurons (b-tubulin III1) and precursor cells (Ki671, nes-
tin1). Indeed, the proportions of Ki671 and nestin1 cells
are almost identical (Table 2) and double staining showed
that these antigens are almost completely colocalized from
E12 to E16. To examine whether Ki67 and nestin antisera
label actively dividing precursor cells we also performed
cumulative BrdU-labeling experiments as described by
d cortical cells. Acutely dissociated cortical cells from Embryonic
antisera (as indicated). Panel A depicts acutely dissociated cortical
te that almost all Ki67-immunoreactive cells also contain BrdU
iding precursors. In B and C filled arrowheads depict triple-, arrows
shows that E14 cortical cells are heterogeneous and contain RC21
cells (filled arrowheads). This heterogeneity decreases during
1 cells (arrows in B, E16) can be detected. For quantification see
ace (Voigt, 1989; Go¨tz et al., 1998). Dil-labeled precursor cells are
noreactive (arrowheads). Thus, radial glial cells are heterogeneous
mm.ciate
rent
). No
ly div
nel B
LBP1
BLBP
surf
mmuNowakowski et al. (1989). BrdU was injected in 2-h inter-
s of reproduction in any form reserved.
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21Heterogeneity of Telencephalic Precursor Cellsvals for the duration of 12 h (see Materials and Methods),
thereby covering the cell cycle length of cortical precursors
at E14 (Nowakowski et al., 1989). Almost all (cortex, 99%,
n 5 108; GE, 100%, n 5 124) Ki67-positive cells were
rdU immunoreactive in these experiments (Fig. 3A). This
emonstrates that Ki67 is a high fidelity marker of dividing
recursor cells in the developing telencephalon and that no
uiescent subpopulation of precursor cells (Ki67 immu-
opositive, BrdU negative in the cumulative labeling) is
etectable during the stages analyzed. Moreover, the num-
ers of neurons and precursor cells obtained in our analysis
re in good agreement with previous quantitative data on
eurons and precursor cells obtained by fluorescent-
ctivated cell sorting (Maric et al., 1997).
Colocalization of RC2, GLAST, and BLBP. The quanti-
ative developmental analysis of RC2-, GLAST-, and BLBP-
mmunoreactive cells showed a decrease in the RC2-
mmunoreactive cells during development that closely
atched the percentage of proliferating cells (Table 2). In
FIG. 4. Composition of telencephalic precursor cells during emb
BLBP was performed for cells from the cortex or the ganglionic em
which are restricted to specific developmental stages. In the cortex,
of neurogenesis (E12–17), whereas the appearance of GLAST/BLB
precursor cells of the cortex and GE is very similar at early stagesontrast, GLAST and BLBP antisera labeled a smaller pro- l
Copyright © 2001 by Academic Press. All rightortion of cells than RC2 at early developmental stages, but
ncreased during development. The developmental profile
f these markers was well comparable between cortex and
E. The colocalization analysis demonstrated heterogene-
ty of acutely dissociated telencephalic cells in their RC2,
LAST, and BLBP immunoreactivity (Fig. 3B), as observed
n sections. In total, five distinct populations (out of seven
ossible, not considering the cells negative for all three
arkers) were detected, up to four of which coexisted
imultaneously (Table 3). The same subsets were observed
n the cortex and GE with some quantitative and develop-
ental differences (Table 3). Also in other regions of the
NS, such as the midbrain, hindbrain, and spinal cord,
C2, GLAST, and BLBP colocalization revealed the same
ubsets as in the developing telencephalon (data not
hown).
Analysis of the precursor pool. The contribution of the
C2-, GLAST-, and BLBP-immunoreactive cells to the
rogenitor pool was first assessed by double and triple
ic development. Colocalization analysis using RC2, GLAST, and
ce (GE). Distinct precursor populations can be detected, some of
1, RC2/BLBP1, and RC2/GLAST1 cells are restricted to the phase
ells coincides with the onset of gliogenesis. The composition of
diverges during further development (see also Results).ryon
inen
RC2
P1 cabeling with Ki67 and/or nestin antisera (see Materials and
s of reproduction in any form reserved.
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d
s
n
22 Hartfuss et al.Methods for further details). Almost all RC2-, GLAST-, or
BLBP-immunoreactive cells colocalized with the precursor
cell markers Ki67 and nestin and did not contain b-tubulin
III. Thus, only precursor cells express RC2, GLAST, and
BLBP during neurogenesis (E12–E17 in the cortex). This
allowed us to use triple immunostaining with RC2,
GLAST, and BLBP antisera to determine the subtypes of
precursor cells containing these markers. While at E12
almost all Ki67- and/or nestin-positive cells were immuno-
reactive for RC2, and subsets for GLAST and BLBP, at E14
TABLE 1
Cell-Type-Specific Antisera
Antigen Species of
AN2 Cell-surface glycoprotein Rat, mAB Ig
anti-BLBP Brain-lipid-binding protein Rabbit, pAB
anti-GFAP Glial fibrillary acidic
protein
Mouse, mA
anti-GLAST Glutamate-astrocyte-
specific transporter
Guinea pig,
Rabbit, pAB
anti-Ki67 Ki67 (proliferation antigen) Rabbit, pAB
anti-nestin Intermediate filament
nestin
Mouse, mA
Rabbit, pAB
RC2 Ganglioside Mouse, mA
TEC-3 Ki67 (proliferation antigen) Rat, mAB Ig
anti-b-
tubulin III
Intermediate filament b-
tubulin III
Mouse, mA
Note. The table summarizes the antigen, the species of origin, a
TABLE 2
Percentage of Cell Types during Development of the Telencephalo
E12 E14
Cortex
Ki67 77 6 3 (n 5 2) 56 6 3 (n 5
Nestin 79 6 2 (n 5 9) 57 6 3 (n 5
Tubulin 23 6 3 (n 5 9) 53 6 4 (n 5
RC2 82 6 2 (n 5 21) 52 6 2 (n 5
GLAST 44 6 2 (n 5 16) 46 6 2 (n 5
BLBP 30 6 3 (n 5 13) 31 6 2 (n 5
GE
Ki67 62 6 8 (n 5 2) 60 6 3 (n 5
Nestin 67 6 3 (n 5 9) 54 6 3 (n 5
Tubulin 40 6 3 (n 5 6) 51 6 4 (n 5
RC2 69 6 3 (n 5 17) 48 6 2 (n 5
GLAST 41 6 2 (n 5 12) 33 6 1 (n 5
BLBP 24 6 3 (n 5 7) 24 6 1 (n 5
Note. The percentage of immunoreactive acutely dissociated ce
evelopmental stages (E12–18). Ki67 and nestin labels precursor c
pecific glutamate transporter), and BLBP (brain-lipid-binding prote
umber of coverslips analyzed is indicated by (n). See Materials and M
Copyright © 2001 by Academic Press. All righta notable proportion of precursors was not immunoreactive
for RC2.
Since GLAST and BLBP are contained within the RC2-
positive cells at this stage (Table 3 and Materials and
Methods), this means that some cortical progenitors (12%)
were immunonegative for all three radial glial markers
(Ki67 only, Fig. 4). However, this population was not
detected at other developmental stages in the cortex (for
staining details see Materials and Methods). In contrast, GE
precursor cells contained a prominent population of RC2-
n Marker Reference
Migratory oligodendrocyte
precursors
Niehaus et al., 1999
Subtypes of precursor cells Feng et al., 1994;
Kurtz et al., 1994
1 Astrocytes Bignami et al., 1972
Subtypes of precursor cells Shibata et al., 1997
Precursor cells Gerdes et al., 1997
1 Precursor cells Frederiksen and
McKay, 1988
Subtypes of precursor cells Misson et al., 1988b
Precursor cells Baader et al., 1999
2b Postmitotic neurons Lee et al., 1990
subtype of the cell-type specific antibodies used in this study.
E16 E18
30 6 2 (n 5 13) 16 6 2 (n 5 10)
30 6 3 (n 5 8) 16 6 2 (n 5 11)
59 6 3 (n 5 6) 52 6 6 (n 5 4)
28 6 1 (n 5 40) 11 6 1 (n 5 26)
33 6 1 (n 5 33) 21 6 2 (n 5 24)
27 6 1 (n 5 36) 25 6 2 (n 5 28)
46 6 2 (n 5 11) 34 6 3 (n 5 10)
42 6 3 (n 5 9) 24 6 3 (n 5 8)
62 6 2 (n 5 5) 43 6 8 (n 5 4)
35 6 2 (n 5 28) 19 6 1 (n 5 26)
31 6 2 (n 5 28) 19 6 1 (n 5 24)
25 6 2 (n 5 32) 23 6 2 (n 5 30)
om the cortex and ganglionic eminence is indicated for different
tubulin (bIII) postmitotic neurons, and RC2, GLAST (astrocyte-
re contained in radial and nonradial precursor cells (see text). Theorigi
G1
B IgG
pAB
B IgG
B IgM
G
B IgGn
31)
12)
3)
49)
47)
55)
25)
12)
4)
46)
35)
37)
lls fr
ells,
in) aethods for details. 6, standard error of the mean (SEM).
s of reproduction in any form reserved.
c
R
t
n
A
1
p
n
p
e
s
e
t
f
o
o
t
r
T
o
f
a
t
a
l
i
m
t
n
e
s
B
a
t
w
K
d
b
23Heterogeneity of Telencephalic Precursor Cellsnegative cells composing about a quarter to a third of all
progenitor cells (Fig. 4). Using the total number of precursor
cells (Ki67-positive cells, Table 2), the percentage of Ki67-
only precursor cells and the percentages of the different
RC2-, and/or GLAST-, and/or BLBP-immunoreactive popu-
lations from the RC2/GLAST/BLBP triplestainings, we cal-
culated the composition of the precursor pool as depicted in
Fig. 4.
The composition of the progenitor pool changed during
development with some populations detected only during
neurogenesis and others only during gliogenesis (Fig. 4).
This correlation was particularly clear in the developing
cortex where the last neurons are generated around E17
(Bayer and Altmann, 1991). The precursor heterogeneity in
the cortex was larger during neurogenesis when four sub-
populations were detected in contrast to the phase of
gliogenesis when only two populations composed the divid-
ing progenitor pool. The precursor subtypes at the onset of
neurogenesis (E12) were the RC21, RC2/BLBP1, RC2/
GLAST1, and RC2/GLAST/BLBP1 cells. Three of these
populations were restricted to the phase of neurogenesis
(E12–E16, Fig. 4) and were no longer detected at E18, the
phase of gliogenesis in the cerebral cortex. In contrast, the
RC2/GLAST/BLBP1 cells persisted throughout neuro- and
gliogenesis and increased from 30% at E12 to 70% at E18
(Fig. 4). The GLAST/BLBP1 cells appeared in correlation to
the phase of gliogenesis and became prominent among E18
cortical progenitors.
The composition of precursor cells in the GE and cortex
was almost identical at E12, but increasingly diverged as
development proceeded (Fig. 4). The main difference be-
tween GE and cortex was the persistence of the RC2/
GLAST1 and the RC2/GLAST/BLBP-negative precursor
TABLE 3
Colocalization Analysis of the Radial Glial Markers RC2,
GLAST, and BLBP
E12 E14 E16 E18
Cortex
RC2-only 25% 8% 0% 0%
RC2/GLAST 26% 22% 5% 0%
RC2/GLAST/BLBP 25% 27% 22% 14%
RC2/BLBP 9% 0% 0% 0%
GLAST/BLBP 0% 0% 5% 7%
GE
RC2-only 20% 10% 6% 0%
RC2/GLAST 19% 10% 5% 5%
RC2/GLAST/BLBP 21% 22% 21% 13%
RC2/BLBP 5% 0% 0% 0%
GLAST/BLBP 0% 0% 4% 6%
Note. The percentage of single-, double-, and triple-
immunoreactive cells of all phase-bright cells is depicted for
acutely dissociated cells from cortex and ganglionic eminence (GE)
at the developmental stages indicated.cells in the GE. By E18, these subsets had disappeared in the w
Copyright © 2001 by Academic Press. All rightortex whereas they still constituted 44% (Ki67-only 29%,
C2/GLAST1 15%) of the progenitor pool at this stage in
he GE (Fig. 4). This is intriguing in regard to the prolonged
eurogenesis in parts of the GE (Luskin, 1993; Lois and
lvarez-Buylla, 1994; Luskin et al., 1997; Doetsch et al.,
999). These data therefore show a correlation of RC2-
ositive, but BLBP-negative, precursor cells to the phase of
eurogenesis in the embryonic telencephalon.
Antigenic Profile of Identified Precursor
Populations
Morphologically identified precursors. Since these an-
tigens had previously been described as radial glial markers,
we analyzed the antigenic profile of radial glial cells iden-
tified by their morphological characteristic, the long radial
process. Application of Dil or red fluorescent latex beads
(Katz et al., 1994) onto the telencephalic hemispheres was
used to trace radial glial cells as described previously (Voigt,
1989; Go¨tz et al., 1998). After fluorescent labeling, cells
from E14 cortex were dissociated in order to visualize the
entire cell soma and to assess the colocalization of the RC2
antigen, GLAST, and BLBP (Fig. 3C). The majority of cells
labeled from the pial surface were neurons (b-tubulin III-
positive; 82%, n 5 450) and only a small proportion were
recursor cells (Ki67-positive; 18%, n 5 250). Control
xperiments with tracer application on the ventricular
urface revealed a predominance of precursor cells in these
xperiments, thereby demonstrating the restriction of the
racer to the site of application. Most precursor cells labeled
rom the pia (92% 6 4, n 5 150) were RC2 positive, but
nly 58% also contained BLBP and GLAST and 18% were
nly double-labeled with GLAST antiserum. This is consis-
ent with the staining in sections where we observed some
adial processes negative for BLBP or GLAST (Fig. 2D).
hus, precursor cells contacting the pial surface are heter-
geneous in their antigenic profile.
Precursors with specific progeny. We next analyzed
unctionally identified precursor subsets in regard to their
ntigenic profile to examine a potential correlation between
hese markers and the fate of the progeny. As described
bove, BLBP increases during development inversely corre-
ated to the phase of neurogenesis. To examine whether the
ncrease in BLBP immunoreactivity is a general develop-
ental feature, we analyzed a region in the postnatal brain,
he rostral migratory stream (RMS) that still contains
euronal precursors into adulthood (Luskin, 1993; Menezes
t al., 1995). In contrast, only glial cells divide at these
tages in the surrounding telencephalon. Interestingly,
LBP-immunoreactive cells were mostly located outside or
t the border of the RMS in sections of the postnatal
elencephalon (Figs. 5A and 5B). In contrast, RC2 staining
as detected mostly inside the RMS and colocalized with
i67-positive, supposedly precursor, cells (Fig. 5C). To
etermine whether the BLBP-positive cells present at the
order of the RMS were dividing we carefully examined
hether these cells colocalized with BrdU (1 h pulse label-
s of reproduction in any form reserved.
nFIG. 5. Antigenic profile of precursor cells in the rostral migratory stream and neurosphere cells. Panels A–C depict fluorescent micrographs
of sagittal vibratome sections of the olfactory bulb stained with antisera as indicated in the figure. A and B are maximum intensity images,
whereas C is a single optical section image taken at Postnatal Days 5 (A, B) and 6 (C). Dashed lines delineate the rostral migratory stream (RMS).
Note that most BLBP-immunoreactive cells (arrows and arrowheads) are located outside the RMS (A), while BrdU-pulse-labeled precursor cells
reside mostly inside the RMS. Panel B depicts a high power view of the border of the RMS where BLBP and BrdU staining overlaps. Only some
BLBP-positive cells are double-labeled with BrdU along the border of the RMS (arrows in A and B), whereas most BrdU-positive cells are not BLBP
immunoreactive. Complementary to the BLBP staining, RC2 immunoreactivity is mostly confined to the RMS (C) and many RC2/Ki67-double-
positive cells (arrows) can be observed. Thus, most precursors of the RMS are RC2 positive, but BLBP negative. Sections are oriented as indicated
in the figure. d, dorsal; v, ventral; c, caudal; r, rostral. Panel D depicts acutely dissociated neurosphere cells from the adult telencephalon
triple-stained with the antisera as indicated. Note that almost all cells are RC2/GLAST/BLBP1 (arrows). Thus, the antigenic profile ofeurosphere cells differs from the staining pattern of precursors in the RMS. Scale bar: 50 mm.
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25Heterogeneity of Telencephalic Precursor CellsFIG. 6. Expression of the basic helix-loop-helix transcription factor Mash1. Fluorescent micrographs of frontal (A–C) sections of E14
ateral ganglionic eminence (LGE) stained with the antisera indicated in the figure. A depicts a low power view showing that
ash1-immunoreactive cells mostly reside above the BLBP-positive cell somata in the ventricular zone (VZ). High power views in B and
show that Mash1-positive cells colocalize with RC2 (B, examples indicated by arrows), but not with BLBP (C). In A and C arrows depict
LBP- and arrowheads Mash1-positive cell somata. Panel D shows acutely dissociated cells from the ganglionic eminence at E14
riple-stained with Mash1, RC2, and BLBP. As in sections, Mash1 colocalizes with RC2 (arrowheads), but not with BLBP. Scale bar: 50 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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26 Hartfuss et al.ing). Very few double-positive cells could be detected; i.e.,
the BLBP-positive cells along the border of the RMS seem to
divide rarely or not at all. These data show that the
acquisition of BLBP and the loss of RC2 is not a general
developmental feature, since one distinct region in the
postnatal forebrain, the RMS, is mostly devoid of BLBP and
maintains RC2 antigenicity. Moreover, the dividing cells
present in the RMS mostly contain the RC2 antigen, and
only rarely BLBP. Thus, it appears as if the neurogenic
precursors of the RMS remain BLBP negative also in the
postnatal brain.
In a second approach we examined the marker expression
of cells derived from embryonic or adult cortical neuro-
spheres (see Materials and Methods) as a model of enriched
populations of multipotent cells (e.g., Reynolds et al., 1992;
ritti et al., 1996). When cells of neurospheres after several
assages were dissociated and fixed a few hours after
lating, 95% of the cells were immunoreactive for RC2,
LAST, and BLBP (Fig. 5D).
Since multipotent cells in the adult SVZ comprise astro-
ytes or astrocyte-like cells (Doetsch et al., 1999), we also
analyzed the staining profile of astrocytes purified from
postnatal cortex after several passages in vitro (see Materi-
als and Methods). Almost all GFAP-positive astrocytes
were also immunoreactive for GLAST and BLBP, but only
few were RC2 positive (data not shown). This staining
profile is consistent with our results obtained in sections
demonstrating multipolar GLAST/BLBP1 cells throughout
the postnatal cortex (Fig. 2F), suggesting that these cells are
astrocyte precursors or differentiating astrocytes. Taken
together, these data correlate the antigenic profile of pre-
cursor cells to a specific fate of the progeny.
Precursors identified by transcription factors. Precur-
sor cells in the GE are characterized by a sequence of
transcription factor expression (Torii et al., 1999). First,
cells are Mash1 negative, then become Mash1 positive at
the transition between VZ and SVZ (Figs. 1 and 6A), and
later loose Mash1 while they turn on Prox1 between the
SVZ and the mantle zone where the differentiating neurons
reside (Torii et al., 1999). In Mash1/BLBP double staining,
we noted that Mash1-positive cells form a horizontal band
just above the BLBP-immunoreactive cell somata (Fig. 6A).
Double staining of Mash1 and RC2 antiserum showed,
however, many double-positive cells (Fig. 6B), while even in
the zone of overlap between BLBP and Mash1 no double-
positive cells could be detected (Fig. 6C). Thus, Mash1
seems to be localized in the RC21, BLBP-negative subpopu-
lation of precursor cells. These results were confirmed at
the quantitative level in acutely dissociated cells of the GE
at E14 (Fig. 6D) where almost all Mash1-positive cells were
double-labeled with RC2 antiserum (100%, n 5 153), but
only 26% (n 5 153) contained GLAST or BLBP. Thus, the
recursor subtypes detected by the colocalization of RC2,
LAST, and BLBP also differ in their transcription factorxpression.
Copyright © 2001 by Academic Press. All rightCell Cycle Parameters of Precursor Cell
Subpopulations
We further analyzed the function of the novel precursor
subtypes by BrdU pulse labeling as a first assay for their cell
cycle characteristics. BrdU was injected into timed-
pregnant mice 1 h prior to cell dissociation (see Materials
and Methods). The labeling index (LI) was determined as the
percentage of BrdU-labeled cells among all proliferating
cells. The LI of Ki67-only cells was determined from the
RC2/Ki67/BrdU combination for E14. This is possible since
at this stage GLAST- and BLBP-immunoreactive cells are
contained within the RC2-positive population; i.e., all RC2-
negative, Ki67-positive cells are also negative for GLAST
and BLBP (Table 2 and Fig. 4). At later stages, however,
when, e.g., GLAST/BLBP-positive cells exist, we could not
anymore determine the LI of the Ki67-only population (n.d.
in Table 4).
Since our analysis described above had shown that almost
all RC2- and/or GLAST- and/or BLBP-positive cells are also
Ki67-positive precursors, we could use triple labeling com-
bining two of the marker antigens (RC2/GLAST, RC2/
BLBP, and GLAST/BLBP) with BrdU antiserum. These data
provide the LI of 9 possible cell types: (1) RC21/GLAST2;
(2) RC22/GLAST1; (3) RC21/GLAST1; (4) RC21/BLBP2;
(5) RC22/BLBP1; (6) RC21/BLBP1; (7) GLAST1/BLBP2;
(8) GLAST2/BLBP1; (9) GLAST1/BLBP1. Since a maxi-
mum of four combinations of RC2-, GLAST-, and BLBP-
immunoreactive cells coexists at any time analyzed, these
TABLE 4
Labeling Index of Precursor Subtypes Labeled by the Radial Glia
Markers RC2, GLAST, and BLBP
E14 E16 E18
ortex
RC2-only 0.28 — —
RC2/GLAST 0.39 0.39 —
GLAST/BLBP — 0.14 0.04
RC2/GLAST/BLBP 0.36 0.33 0.21
Ki67-only 0.00 — —
GE
RC2-only 0.49 0.60 —
RC2/GLAST 0.46 0.55 0.32
GLAST/BLBP — 0.31 0.23
RC2/GLAST/BLBP 0.36 0.26 0.18
Ki67-only 0.27 n.d. n.d.
Note. The labeling index (LI) is the proportion of immunoreac-
tive precursor cells labeled by a single BrdU pulse for 1 h. Note that
the precursor subtypes characterized by differential colocalization
of RC2, GLAST, and BLBP exhibit a different labeling index (LI).
—Indicates that these populations do not exist at the respective
developmental stage; n.d., the LI of these populations could not be
assessed by different combinations of triple stainings using our
markers.data allowed us to determine the LI for each subpopulation
s of reproduction in any form reserved.
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27Heterogeneity of Telencephalic Precursor Cells(Table 3, Fig. 4) directly (Table 4). For example, the LI of the
C2-only population can be deduced directly from the No.
staining combination, since RC2-positive cells that are
ot GLAST positive are the RC2-only population from E14
o E18. (This is not the case at E12, when also the RC2/
LBP1 cells exist. Therefore we could not assess the LIs for
12.) Likewise, the LI of the RC21/GLAST1 population
was measured directly in the staining combination No. 7,
since no other GLAST-positive and BLBP-negative popula-
tions exist at the stages analyzed. The LI of the RC21/
GLAST1/BLBP1 cells was measured in the staining com-
bination No. 6, since the RC2 and BLBP immunoreactive
cells are also GLAST positive at stages E14–18. The LI of
the GLAST1/BLBP1 population was measured in the No. 2
and No. 5 staining combinations, since there is no other
GLAST, respectively, BLBP-positive, and RC2-negative
population.
We found that our LI values closely corresponded to
previous in vivo results (Takahashi et al., 1995; Reznikov
and van der Kooy, 1995; Bhide et al., 1996; Cai et al., 1997),
e.g., showing a decrease of the LI between E14 and E18
(Takahashi et al., 1995). Interestingly, some precursor popu-
lations characterized by distinct antigenic profiles differed
in their LI (Table 4). For example, the cortical precursors
labeled only by RC2 had a smaller LI than the RC2/
GLAST1 or RC2/GLAST/BLBP1 cells. The GLAST/
BLBP1 cells also showed a significantly lower LI compared
to other precursor cells present at the respective develop-
mental stage. Notably, some populations of GE cells exhib-
ited a higher LI than their counterparts in the cortex. For
example, the LI of RC21 or GLAST/BLBP1 cells in the GE
was almost double the value obtained for this population in
the cortex (Table 4). In contrast, the LI of the RC2/GLAST/
BLBP1 cells was similar in the cortex and GE and gradually
decreased during development in both regions (cortex,
0.36–0.21; GE, 0.36–0.18).
DISCUSSION
Radial Glial Cells
Subtypes of radial glial cells. Our results obtained in
sections and in morphologically traced acutely dissociated
cells showed that radial glial cells are almost all RC2
immunoreactive, but are heterogeneous in their GLAST
and BLBP content. Thus, only subsets of radial glial cells
express glial characteristics during neurogenesis. This het-
erogeneity seems to be lost during development and radial
glial cells then become homogeneously RC2/GLAST/BLBP
immunopositive. This is concluded from the analysis of
radial processes in sections that are in nearly all cases
triple-labeled at later stages (E18). Moreover, the RC21 or
C2/GLAST1 subsets are not present anymore after neu-
ogenesis at E18 in acutely dissociated cortical cells. It will
ow be important to determine the function of these
istinct sets of radial glial cells. Since BLBP was shown to
e induced by neurons attaching to the radial glial cells
Copyright © 2001 by Academic Press. All rightFeng et al., 1994), one might, e.g., speculate that the BLBP1
adial glia subset is involved in the guidance of migrating
eurons. Taken together, these results revise the picture of
adial glial cells as a homogeneous cell type throughout the
NS. The function of radial glial cells rather seems to
epend on specific subtypes both within and between
istinct brain regions (see also Go¨tz et al., 1998; Torresson
t al., 1999).
Proliferation of radial glial cells. Moreover, our results
emonstrate for the first time that almost all radial glial
ells in the rodent cortex are dividing throughout neurogen-
sis. Most radial glial cells labeled from the pial surface
ontain the Ki67 antigen and the cumulative BrdU labeling
howed that nearly all Ki67-immunoreactive cells in the
elencephalon are actively dividing. We therefore conclude
hat radial glial cells in rodent cortex do not contain a
etectable quiescent subpopulation as observed for primate
adial glia (Schmechel and Rakic, 1979). It seems likely that
hese species differences are related to the differences in the
hickness of the cortex and the respective length of radial
lial processes in rodents and primates. Whereas radial glial
ells in primate cortex approach a length of several milli-
eters, those from rodent cortex cover less than a tenth of
his distance (for review, see Rakic, 1988, 1995). Since
recursor cells are thought to retract their processes during
ell division (Hinds and Ruffett, 1971), processes of a
ertain length might restrict the cell cycle progression of
recursor cells.
Contribution of radial glial cells to the progenitor pool.
ince our results demonstrated radial glial cells as actively
ividing precursor cells, this raises the question to which
xtent these cells contribute to the progenitor pool. Unfor-
unately tracer application on the pial surface labels only
tochastically some cells in close contact with the tracer
nd therefore gives little information about the total num-
er of cells with long processes during corticogenesis.
abeling of cells with Dil from the ventricular surface
esulted in about 50% cells with processes contacting the
ial surface in E15 cortex while the remainder had shorter
rocesses (M. Go¨tz, unpublished observations). Such a high
roportion of radial glial precursor cells would strongly
xceed the number of glial progenitor cells in the develop-
ng cortex at this stage (Grove et al., 1993; Reid et al., 1995;
illiams and Price, 1995). Indeed, it has been suggested
hat radial glial cells may have a broad potential and also
ontribute to the generation of neurons (Alvarez-Buylla et
l., 1990; Gray and Sanes, 1992; Barres, 1999).
Molecular Markers for Distinct Sets of Precursor
Cells
We describe here novel subtypes of CNS precursor cells
identified by the colocalization of the RC2 antigen, GLAST
and BLBP. While these proteins are clearly localized in
radial glial cells, they are also contained in morphologically
distinct cell populations, e.g., in tangentially oriented cells
in the embryonic cortex and GE and in cells of the RMS.
s of reproduction in any form reserved.
28 Hartfuss et al.Moreover, quantitative differences in the contribution of
subtypes identified by this antigenic profile in the overall
progenitor pool and the radial glial pool (compare Fig. 4
with the composition of morphologically traced radial cells)
further support the morphological heterogeneity of these
novel subtypes. Thus, these antigens are not specific radial
glial markers and are not specific for precursor cells with
particular morphological characteristics. While the exact
function of these novel subtypes remains to be determined,
we have promising hints for their functional relevance.
First, the distinct subsets identified by their antigenic
profile differ in their cell cycle characteristics; second, they
express specific transcription factors; and third, they seem
to be correlated to the generation of a particular progeny.
Cell cycle differences among the novel precursor subtypes.
The novel precursor subtypes differ in their LI, i.e., the
proportion of cells labeled by a short BrdU pulse. Thus, some
populations contain more and others less cells in S-phase at
the time of labeling. We interpret this result as an indication
of differences in the cell cycle since cumulative BrdU-labeling
experiments demonstrated that almost all cells are actively
dividing and therefore our results cannot be explained by a
differential contribution of quiescent cells. We cannot dis-
criminate, however, whether these subsets differ in the length
of S-phase (a shorter S-phase would give fewer BrdU-labeled
cells, i.e., a lower LI) or in the total cell cycle length (a slower
cell cycle would give fewer BrdU-labeled cells). Either way,
however, the differences of the novel precursor types in their
LI imply functional differences in their cell cycle characteris-
tics. Notably, precursor cells that differ in their LI are also
located at different radial positions. For example, the GLAST/
BLBP1 cells reside outside the ventricular zone, mostly in the
intermediate zone and deep cortical plate, and have the lowest
LI of the cortical precursor cells. Likewise in the GE the
RC2-negative precursors are located farthest away from the
ventricular surface and have the smallest LI. The distinct
alignment of precursor subtypes might therefore explain the
discrepancy of our data to the previous reports of a homoge-
neous cell cycle in the ventricular zone of the developing
cortex (Cai et al., 1997; see, however, Reznikov and van der
Kooy, 1995).
Specific precursor subtypes express bHLH transcription
factors. While all RC2-positive precursor cells in the
cerebral cortex express Pax6 (Go¨tz et al., 1998), only a
subset expresses bHLH transcription factors of the proneu-
ral gene family. RC2-positive, but GLAST- and BLBP-
negative, precursor cells contain Mash1 in the GE and
neurogenin in the cortex (this study; M. Go¨tz and F.
Guillemot, unpublished observations). This expression pro-
file implies a functional relevance since Mash1 is required
for the progression from the ventricular to the subventricu-
lar zone (Casarosa et al., 1999; Torii et al., 1999). Moreover,
the differential expression of neurogenin and Mash1 in the
RC21 cells of the cortex and GE respectively might be
responsible for the differences in the LI between these
populations. While RC21 cells in the cortex exhibit a lower
LI than the RC2/GLAST/BLBP1 population, the opposite
Copyright © 2001 by Academic Press. All rightwas observed in the GE where RC21 cells have the highest
LI among the GE subtypes.
Precursor subtypes are correlated to distinct progenies.
Some precursor subtypes, which we identified by the colocal-
ization analysis of RC2, GLAST, and BLBP, seem to be related
to the generation of a particular progeny. For example, the
RC21 and RC2/GLAST1 precursor subtypes are restricted to
the phase of neurogenesis in the embryonic cortex and they
disappear when gliogenesis starts (around E17). Indeed, the
proportion of precursor subtypes restricted to this develop-
mental period (E12, 71%; E14, 58%) closely matches the
proportion of neuronal precursors identified in cell lineage
experiments in vivo and in vitro (70%; Grove et al., 1993; Reid
et al., 1995; Williams and Price, 1995; Quian et al., 1998).
Moreover, precursor cells of the RMS in the postnatal telen-
cephalon, a region that still contains neuroblasts, maintain
this staining profile (RC21, but BLBP-negative) at a time
when the other areas of the telencephalon have lost these
precursor subtypes. These data are consistent with the hy-
pothesis that RC21, BLBP-negative cells might mostly corre-
spond to neuronal precursor cells (Fig. 7).
The correlation between precursor potential and marker
expression was further substantiated by the analysis of neu-
rosphere cells purified from embryonic or adult telencepha-
lon. After several passages, neurosphere cells contain mostly
multipotent cells (Gritti et al., 1996). Interestingly, these cells
are homogeneously immunoreactive for RC2, GLAST, and
BLBP and thus differ from the staining profile of precursors in
FIG. 7. Telencephalic precursor cell types labeled by radial glial
markers. This schematic drawing depicts the different precursor
subtypes that we identified in the telencephalon by immunostain-
ings with RC2, anti-GLAST, and anti-BLBP. The color refers to the
antigenic profile as depicted on top of the figure and in Fig. 4. The
morphology of the precursor cells is based on the immunostainings
in sections and labeling of radial glial cells from the pial surface.
The cell types that were detected only during neurogenesis are
depicted to the left, and those detected only during gliogenesis to
the right. Further evidence supporting the correlation between the
antigenic profile of the precursor cells and a specific progeny is
depicted in the panel.the RMS. This is in good agreement with the persistence of
s of reproduction in any form reserved.
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29Heterogeneity of Telencephalic Precursor CellsRC2/GLAST/BLBP1 cells from neuro- to gliogenesis and led
s to hypothesize that precursors with such a marker combi-
ation might have a broad potential (Fig. 7).
RC2/GLAST/BLBP1 radial glial cells loose the RC2 an-
igen at the time of transformation in multipolar astrocytes
Misson et al., 1988b; Edwards et al., 1990) and thereby
eemingly give rise to the multipolar GLAST/BLBP1 cells
bserved in the postnatal cortex. The abundance of GLAST/
LBP1 cells throughout the cortex at postnatal stages and
heir morphology implicates them as differentiating astro-
ytes (Fig. 7). Indeed, purified astrocytes in vitro are
LAST, BLBP, and GFAP positive, but RC2 negative (data
ot shown). Some of these cells might also be oligodendro-
yte precursors since they are AN2-immunoreactive (Nie-
aus et al., 1999). Indeed, the early ventral appearance of
angentially oriented BLBP-positive cells and their apparent
orsal migration correlates well with studies of oligoden-
rocyte precursors in the telencephalon (Pringle et al., 1996;
irling and Price, 1998). Taken together, this evidence
trongly suggests that the precursor subsets discovered in
his study might help to identify functionally distinct
ineages in the developing CNS.
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